Abstract: Arrhythmogenic right ventricular cardiomyopathy, a lethal autosomal dominant cause of sudden cardiac death in young people, is prevalent in Newfoundland and Labrador (genetic subtype ARVD5). In the absence of implantable cardioverter defibrillator treatment, death rates are extremely high. Research into arrhythmogenic right ventricular cardiomyopathy (ARVD5) began in the 1980s and the causative gene and mutation were discovered in 2008. The decades of research highlighted major issues associated with the ethical management of genetic information and the translation of research findings to clinical care. We describe these issues and the strategies used in managing them. Effective knowledge transfer of the research information has resulted in systematic clinical and genetic screening coupled with genetic counseling and treatment for at-risk family members. Improved survival for patients has been one clear result of this strategy. Optimal care of families where individuals are at-high risk of inheriting a disease with high morbidity and mortality requires the full integration of both genetic research and clinical genetics programs. Although yet to be fully effected in our setting, our discussion highlights both the ethical necessity as well as some practical barriers in realizing this outcome. Genet Med 2009:11(12):859 -865.
G enetic research into human disease provides information pertinent to an understanding of disease pathogenesis and can influence management strategies for that disease. Certain genetic conditions arise more frequently in Newfoundland and Labrador due primarily to historic settlement patterns. 1 Founder mutations are thus recognized for several autosomal dominant diseases, [2] [3] [4] including arrhythmogenic right ventricular cardiomyopathy (ARVC). ARVC in Newfoundland and Labrador is a cause of sudden cardiac death (SCD) because of lethal tachyarrhythmias 5 caused primarily by a founder mutation in TMEM43 (ARVD5). 6 A long-standing research project on ARVC has changed both policy and procedure in the management of genetic disease because of the many lessons learned in the decades during which the study has been in progress.
ARVC is a biventricular cardiomyopathy characterized by fibro-fatty infiltration of the myocardium, which can lead to ventricular tachyarrhythmias and SCD. A positive ARVC diagnosis depends on the number of clinical test abnormalities (major and/or minor criteria) exhibited by the individual. 7 However, clinical diagnosis is difficult and SCD may be the first presentation. 5 Many of the criteria require tertiary level clinical testing, and the presence of ARVC pathology at autopsy in the absence of other abnormal clinical test results does not fulfill the diagnostic criteria. The diagnostic utility of these criteria for diagnosis of ARVC, especially in the early stages, is poor.
ARVC is almost always inherited as an autosomal dominant disorder. Clinical diagnostic difficulties are compounded by other factors common to all genetic disorders including variable expressivity (carriers may present with different signs and symptoms) and reduced penetrance (some carriers remain asymptomatic). Hence, a genetic test able to provide a precise presymptomatic diagnosis unrelated to the utility of clinical testing obviates many of the diagnostic difficulties.
As early as the 1980s, individuals with ARVC in Newfoundland participated in research designed to elucidate etiology. The most recent study that began in 1997, aimed to define the natural history and phenotypic expression of ARVC and to find the gene responsible. Linkage to Chromosome 3 was published in 1998 8 and a disease-associated founder haplotype (ARVD5)-a series of linked genetic markers surrounding the gene locus, which are inherited together in affected individuals across generations 9 -was recognized. In 2007, the local research team discovered the causative mutation in a novel gene TMEM43 within the disease-associated founder haplotype. 6 To date, 17 families have been identified with a founder mutation in TMEM43 on Chromosome 3 (ARVD5). All subjects born at an a priori 50% pedigree risk have been identified, all medical records obtained (when available), and all relevant cardiac outcomes have been analyzed. This research demonstrated that this genetic subtype of ARVC is lethal, with a median age to death in men of 41 years compared with 71 years in women. 5 Despite the sex influence, the disease follows a classic autosomal dominant mode of inheritance with clear male-to-male transmission (Fig. 1) . Our study determined that the disease was 100% penetrant (as defined by clinical sign or symptom) in both sexes (by age 63 years and 76 years in men and women, respectively), and heart failure was a later manifestation in survivors of SCD. 6 Between 1998 and 2007, before the identification of the causative mutation, presymptomatic diagnosis of carriers was possible by utilizing "research generated" haplotype analysis. This allowed for prophylactic use of implantable cardioverter defibrillators (ICD). A subsequent analysis indicated that the ICD significantly improved survival of men in this population. 5 The significant morbidity and mortality exhibited by this disease, the high penetrance, and the high risk to relatives led to a number of challenging issues with regard to the management of these patients, their families, and the data generated both through research and clinical means. Issues included: (i) the ethical management of genetic information and the translation of research findings to clinical care; (ii) the process of technology transfer from the research laboratory to the clinical laboratory; and (iii) the optimal management of genetic data whether generated through research or clinically. In what follows we highlight key events in the history of the research, discuss lessons learned from the experience, and outline some continuing challenges in the on-going clinical management of these families.
This article highlights some aspects of the journey taken by the researchers, clinicians, ethicists, and policy makers who have worked on ARVD5 in Newfoundland during the past two decades. Figure 2 catalogues some of the key events and the lessons learned during the search for the causative mutation for ARVC in Newfoundland and Labrador, and the on-going management of patients and families during that time. We believe our experiences will prove instructive for all genetic research dealing with genetic conditions with high morbidity and mortality and for their effective clinical management. 10 researchers in Newfoundland were interested in exploring the relationship between ARVC and human lymphocyte antigen. The recognition of a large ARVC family led to the treatment of an affected male in Ontario, 11 followed by the first description of the ARVC family by the research team in 1988. 12 Genetic studies involving large groups of people, in which accurate phenotyping and the creation of a comprehensive family pedigree are central to success, are slow, and cumbersome by nature. The data ultimately derived are priceless. The initial samples were seen as resources related exclusively to one research project designed to answer one research question. Archiving was not available or desired at the time of the initial study, nor was it common practice to initiate contact with clinical genetics services.
Collected blood samples from this initial research were stored until space limitations resulted in their destruction in the early 1990s. By the time the subsequent study that eventually led to the identification of the causative mutation began in 1997, many of the original family members had died and were thus no longer available to provide DNA. This was a catastrophic loss as affected individuals in these large families were often defined by SCD at a young age. DNA is usually not available from deceased subjects or is fragmented and thus of limited use when obtained from a fixed tissue sample. This reinforces the need to treat biological samples as an irreplaceable resource and to maintain these samples. This is particularly true when the disease is genetic, has high morbidity and mortality, and when many questions with regard to the underlying pathophysiology remain to be determined. It is a sobering thought that the gene for ARVD5 may have been found much sooner had DNA samples been available from those who had subsequently died. Such storage and retention problems would be obviated with a central biobank for the storage of all DNA samples from families with genetic disease.
Lesson 2: The necessity for a close relationship between clinical and research genetics
The DNA that was used to define the locus for ARVD5 8 had been collected by US investigators during the 1990s. A diseaseassociated DNA haplotype made it possible to define those at extremely high risk of having the as yet unidentified ARVD5 gene. However, the US researchers resisted sharing what they defined as "research data," with the Newfoundland clinical genetics program. These research data included clinical test results in the form of 12 lead electrocardiography and echocardiograms. The absence of this information resulted in a delay in translating these findings into patient care. Following subsequent review of the US data (provided many years later), it was discovered that in some cases this delay had catastrophic consequences. This in turn prompted a broader discussion of the nebulous distinction between research data and clinical information when dealing with conditions like ARVD5. 13 This untoward experience was the stimulus to establish an international genetic cardiomyopathy research group in St. John's. The team included members of the clinical genetics program as well as collaborators in Berlin and London. The goal was to expedite the search for the causative mutation. The disease-associated haplotype analysis for family members identified initially by the US team was recapitulated in 1998 by Dr. Ludwig Thierfelder's laboratory in Berlin and subsequently in 2005 by Dr. Terry Lynn Young's laboratory in Newfoundland. Linkage results were provided to the clinical research team (Fig.  2) . "High-risk" and "low-risk" subjects were defined on the basis of those who had either inherited or not inherited the disease-associated haplotype, respectively.
Due to meiotic recombination events resulting in the inheritance of a partial haplotype, some individuals remained at 50% pedigree risk. These individuals, and those with a 'low risk' research result, could not therefore be discharged from clinical follow-up. Clinical testing on an annual basis was thus required. As the earliest confirmed SCD in these families was 19 years for men and 37 years for women, 5 it was evident that deaths would occur unless the research team provided presymptomatic help in the form of a DNA haplotype and arranged clinical management for family members. This placed an enormous burden on the research laboratories because clinical decisions had to be made based on the research disease-associated haplotype. However, the tightly linked haplotype meant that even when potential sample error was factored into the equation, the likelihood of having the causative gene given the haplotype was approximately 98%. Thus, this research result provided a far greater sensitivity than any single clinical test available. Although a research computer database allowed for effective tracking of the expanded pedigrees, it was impossible for one person to provide clinical care and appropriate follow-up while collecting and analyzing research data. In the meantime, pedigree analysis confirmed that many young males had died without ever visiting a doctor. Hence, based on the presence of the disease-associated haplotype, ICD therapy was offered to young asymptomatic adult males.
Lesson 3: Clinical management is effective with a multidisciplinary clinic
Once the malignant phenotype and the effectiveness of prophylactic treatment of carriers with the ICD had been established, 5 a cardiac genetics clinic was created in 2004 (Fig. 2) . The clinic was managed by the Eastern Health Regional Health Authority of Newfoundland and Labrador with the goal of integrating on-going research discoveries with the clinical management of these individuals. All families (160 to date) with a cardiomyopathy or inherited form of arrhythmia, including ARVC, were referred to the program to provide extensive clinical assessment and to record extended family histories. Families in the research program were formally transferred to the interdisciplinary clinic that was staffed by experienced health care providers. The clinical team included a half-time clinical genetics counselor, a half-time cardiac nurse, a cardiologist and several support staff, all under the direction of an electrophysiologist. A clinical ethicist was an invaluable team member, and several times engaged the hospital clinical ethics service to advise on issues of confidentiality, duty to warn, and so forth. 13 Continued ascertainment and screening of at-risk individuals with appropriate treatment of affected individuals were a priority.
With the establishment of the clinic, the team was able to achieve comprehensive follow-up, continuity of care by established experts, streamlining of all necessary investigations, follow-up and interventions, and assurance that all individuals were treated according to established protocols. The close association between the research team and the clinicians was maintained in that the clinic used data from the molecular genetic research laboratory to identify carriers. Phenotypic data from multiple generations and subjects that had been analyzed by the research group were used to inform family members. The research genetic counselor provided the key connection between the research and the clinical teams. This was the process from the time that the haplotype was determined (1998) to the time that the mutation was defined (2008) .
An analysis of the clinical data associated with ICD treatment in patients with ARVD5 indicates that this is the treatment of choice for this condition. 5 At the time of writing, 104 adult ARVD5 TMEM43 mutation carriers have been offered an ICD, of which seven women and two men refused treatment. Both men subsequently died after an arrhythmia. Despite known complications associated with ICD surgery, including pocket infection hematoma or seroma, pulmonary effusion or pneumothorax, and potential lead fracture, we have had no serious complications with the ARVD5 ICD recipients in Newfoundland.
We plan to formally assess the impact of this clinic over time. In so doing, we will focus on three specific areas: (i) an evaluation of the clinical course after ICD to assess long-term morbidity and mortality rates; (ii) a monitoring of wait times to receive an ICD and for receipt of mutation results; and (iii) an assessment of psychological issues surrounding the ICD and possible sequelae.
Lesson 4: Recognize situations when individuals must be treated as both research subjects and as patients
Participants in genetic research studies are routinely assured that their genetic information will be kept confidential. However, honoring this commitment can result in withholding critical information from those responsible for clinical follow-up of at-risk individuals. At the start of the 1997 Newfoundland ARVC study to determine the causative gene, the research ethics board (REB) approved a consent form that asked individuals to choose whether they wished to hear their research results. However, refusals to receive information became problematic for both researchers and clinicians involved with the ARVC study, particularly when a "high-risk" haplotype was confirmed by the research laboratory. In one instance, this resulted in the preventable death of a 31-year-old man who refused to hear his result, and in another, the possibility existed that an individual would continue to work in a public transport position, which would place the general public at risk (Appendix).
Given the extremely high risk of SCD and the availability of a proven prophylactic intervention, a revised consent form was approved by the local REB after many months of discussion. Potential study participants were informed that they would be given their molecular genetic results when available. Those who chose not to receive any genetic information would not have their blood drawn and hence would not participate in the research. 13 The issues highlighted also had an impact on first-degree relatives to study participants. If a study subject was determined to have the disease-associated founder haplotype, all their children would be at a 50% risk. This potentially broadened the burden of information provision from the research team to the extended family. This raised the question of a potential "duty to warn" individuals or extended family members, irrespective of any implied or expressed promise of confidentiality in their original research consent. Recent literature on the ethical issues of managing genetic information for diseases with significant health issues for third parties indicates the emergence of a duty to warn on the part of physicians and perhaps researchers who are party to this information. 14 We have argued that the merits of this approach must reflect the severity of the condition, the recurrence risk, and the possibility of amelioration. 13 The process of technology transfer
Lesson 5: The need for an effective and efficient means by which to transfer DNA methodology to the clinical molecular laboratory
Before the discovery that a missense mutation in the TMEM43 gene causes ARVD5, the genetic risk status of each individual at risk, across 15 ARVD5-linked families, was provided by the two university-based research laboratories involved in the gene hunt. The large number of at-risk individuals and the ability to save lives in gene carriers with an implantable ICD created an opportunity for the clinic to assess more accurately who should receive an ICD, and concomitantly, a challenge for the research laboratories to deliver this test. Research laboratories rely on trainees (undergraduates up to postdoctoral fellows) to perform the experimental work. However, funding from the public purse is targeted toward research, not the provision of medical services. This presents issues with regard to quality control as the standards can vary significantly between a research laboratory where training is an integral part of the mandate, and a clinical laboratory where a level of expertise is already assumed, and the quality of the clinical test result is the priority. This is not to say that research laboratory standards are always less than a clinical laboratory: sometimes the opposite may be true. A research laboratory, however, is not regulated. These challenges are magnified by the very nature of the genetic "test," which was in reality up to 17 separate "tests" or genotypes that were run, and then combined, often with genotypes on close family members, to construct a "risk haplotype." These issues were further compounded in the present case in that the laboratory received urgent requests for haplotype results at regular intervals, sometimes several in 1 day. These arose primarily from the local clinical care team, but on many occasions also from health care teams in mainland Canada and elsewhere.
After the discovery that a mutation in TMEM43 causes ARVD5, the genetic risk status can be readily assessed by a single assay and direct sequencing to check for the presence of the founder mutation. However, this test continues to be available locally only in the gene discovery laboratory (St. John's), as it is not yet available through the molecular diagnostic laboratory. In Canada, the decision to set up a genetic test and then offer it is at the discretion of the Director of the diagnostic laboratory. Thus, the transfer of a genetic test to provide both presymptomatic and diagnostic testing is not a foregone conclusion, even with frequent and lethal dominant diseases like ARVC. Nevertheless, this test is currently available in other laboratories in Canada, the United States, and Europe. This has lead to the ironic situation that the Newfoundland health care system must pay an outside clinical laboratory for a test result based on a causative mutation found by its own researchers.
Issues related to the use of genetic research results for clinical purposes and the "duty to warn" have been addressed elsewhere. 13 For research purposes, we are aware of the special privacy concerns related to the sharing of personal health information in general and genetic information in particular. Such issues have been raised in the United States, 15, 16 and we have contributed to the discussion in Canada. 17 Health information privacy legislation is pending in our province, and it provides for some flexibility with regard to the management of genetic information. 18 The familial nature of genetic information presents special challenges in this regard, which are beyond the scope of the present discussion. Suffice it to say that, in our view, progressive legislation with regard to genetic privacy must strike a balance between individual protection and the broader familial and public good.
Lesson 6: Optimal management of research and clinical data requires the creation of a genetic registry
In this study, there was substantial overlap between the clinical management of at-risk family members and the ongoing research. The clinical management included genetic counseling and annual clinical cardiac screening for those at 50% risk. Initially this latter point also included those given a "low-risk" haplotype in an attempt to exclude any remaining error. The research genetic counselor provided genetic counseling and organized cardiology screening to many at-risk individuals from 1997 to 2004. Without this clinical involvement, deaths would have occurred. However, transfer of the pedigrees and the vast amounts of clinical data obtained on family members to the combined genetics cardiac clinic was not seamless because a central repository for genetic information was not available. Furthermore, the incorporation of new observations made by either the clinic or the research program was problematic because a firewall existed between the pedigrees and other data obtained by the research team (maintained on the University computers) and the clinical program (maintained on the health care system computers). This situation almost certainly exists elsewhere in Canada and the United States.
Clinical data can be collected in both institutional (e.g., hospital clinic) and community settings, under either clinical or research protocols, and by a variety of health professionals including genetic researchers, physicians, genetic counselors, research nurses, and others. The lack of coordinated data management between the teams and/or personnel can lead to suboptimal clinical management and unnecessary delays in research. It can also result in frustration among family members who are often asked to provide the same information to different health care professionals on numerous occasions.
In 1972, the World Health Organization 19 recommended that medical genetics centers establish registries of genetically determined disease. The aim was to improve clinical care, to provide accurate risk assessment, and to facilitate the provision of information to families and patients. In addition, it was recognized that adequate information on aspects of many genetic conditions was lacking, so that registries could facilitate research. Many UK genetics departments have successfully used this methodology over the years, 20 -25 but they are much less common in North America. Such registries ensure that genetic counseling is offered to all those at risk and that appropriate clinical care is implemented. We are in the process of establishing such a register for our ongoing work in Newfoundland and Labrador.
A genetic registry will allow individual and associated familial and clinical information to be housed in one place, thus enabling both researchers and clinicians to access all relevant information in a timely manner for their various purposes. In relation to the Mendelian cardiac disorders with an increased risk of SCD, we propose that all family members be entered in a centralized genetic register (database), where each individual is attached to a digital pedigree, and is part of a clinical genetics program. During the initial work up by a genetic counselor, prospective participants will be informed that they will be enrolled on the register to maintain contact and to provide for clinical follow-up, unless they choose otherwise. In addition, being in the registry would mean that researchers might contact individuals to invite them to participate in research projects. Individuals could opt out of each research project in which they are asked to participate, or opt out of any subsequent contact by any research team whatsoever. Researchers would require approval from the relevant REB before accessing the database. Depending on the nature of the research study, either anonymized or identifiable data would be available. The latter case would occur only with the consent of the individuals involved. Relevant research findings would be exchanged with the clinical group to facilitate appropriate clinical follow-up. Clinical genetics staff, in turn, would have access to the clinical database. Other specialists could liaise with genetics staff for information necessary to the optimal management of their patients. Any changes to family history information, whether generated through a research study or through clinical contact, would be made to a centralized pedigree, and a limited number of staff would be authorized to make such changes. Thus, only one comprehensive family tree would be available.
Managing the data in this manner will contribute to better clinical management of patients and family members as they will have access to clinical screening, testing, and treatment when appropriate. Clinicians will be able to access relevant research results as soon as they become available. Although the level of staffing for a register system is high, we are hopeful that the benefits in terms of prevention of adverse health outcomes will more than compensate for the up front costs. 26 
CONCLUSIONS
Newfoundland's ARVC SCD "riddle" was solved by an interdisciplinary team comprising clinicians, researchers, genetic counselors, nurses, molecular biologists, and ethicists. The ARVC problem was identified in terms of the patients, the families, and their communities. These stake holders combined with both research and clinical staff to ensure that the research knowledge generated was translated into effective patient care. Initial failure to provide effective and efficient multidisciplinary care occurred, but the initiation of a cardiac genetics clinic integrated with the research group was successful in delivering appropriate services to the families. Ethical issues regarding the use of research data have arisen, and measures to deal with some of these tensions have been initiated. Technology transfer of the novel gene discovery to the clinical molecular genetics laboratory and integration of research data with clinical care has been problematic, but the process has provided useful lessons in how to deal with future projects.
The lessons learned have resulted in a more efficient system for dealing with ARVC in particular, and this wisdom should be transferable to other genetic diseases. The major lesson learned emphasizes the need for a systematic process that will ensure the timely and effective translation of genetic research discoveries for optimal clinical care. For families segregating a potentially lethal mutation with a high recurrence risk and penetrance, particularly when ameliorative intervention is possible, full integration of both the genetic research and clinical genetics programs is required. 
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